Abstract 2,3-Diphenylbutane-1,4-diamine is prepared from 2,3-diphenylsuccinonitrile via the corresponding bis-acetamide. High level DFT-calculations show that the meso form of the diamine is stabilized by intramolecular hydrogen bonds compared to the chiral stereoisomers. Imines are obtained in high yields by condensation of the diamine with the corresponding aldehydes. Two of the imines have been characterized by X-ray diffraction. In both structures the meso form is observed. Imines derived from cinnamaldehyde derivatives are transformed to bis--lactams by the ruthenium catalyzed reaction with CO and ethylene.
Introduction
Catalytic C-H activation reactions are in the focus of interest since the pioneering work of Murai et al. who were able to perform formal alkylation and acylation reactions by reacting acetophenone derivatives with either alkenes or mixtures of carbon monoxide and alkenes. 1 Transformations including C-H activation steps are highly attractive synthetic goals due to the inherent atom economy and the possibility to avoid the use of reactive organic intermediates as e.g. halogenated compounds that are potentially environmentally unfriendly. In the last years number of catalytic C-H activation reactions have been published and summarized in review articles.
2 Most of them work via the precoordination of a catalytically active transition metal species. The latter are mostly composed of typical 4 th and 5 th row transition metals like ruthenium, rhodium or platinum. Quite recently, also copper catalyzed C-H activation reactions in combination with oxidation elementary steps attracted increasing interest. 3 In the last years we published a number of papers concerning ruthenium catalyzed C-H activation reactions of imines derived from ,-unsaturated aldehydes like cinnamaldehyde or crotonic aldehyde. The reaction proceeds regioselectively at the -position with respect to the imine double bond. Insertion of carbon monoxide and a 1-alkene in combination with a ring closing reaction leads to the formation of chiral -lactams as racemic mixtures. In addition, 2,3-disubstituted pyrrole derivatives are produced as side-products if the reaction is carried out in toluene. The ratio of the heterocyclic products is strongly affected by the relative permittivity of the solvent and the combination of organic residues at C  of the imine chain and at nitrogen. The reaction might also be carried out as a four component reaction without isolating the imine. This means that the corresponding primary amine and the ,-unsaturated aldehyde are treated with moderate pressures of carbon monoxide and ethylene in the presence of Ru3(CO) as a precatalyst. The presence of water from the condensation of the amine and the aldehyde leads to a more polar reaction environment therefore enhancing the yield of the pyrrole derivative as it was observed for more polar solvents if the pure imine was introduced to the reaction. 
Results and Discussion
The synthesis of 2,3-diphenylbutane-1,4-diamine is easily achieved starting from benzyl cyanide and benzaldehyde which in the presence of sodium cyanide are converted to 2,3-diphenylsuccinonitrile. 5 The nitrile then is reacted with acetic anhydride in the presence of Raney-nickel in an autoclave pressurized with H2 to give N,N'-(2,3-diphenylbutane-1,4-diyl)diacetamide which upon hydrolysis under basic conditions is transferred to 2,3-diphenylbutane-1,4-diamine,
1.
6 An alternative pathway is described by Aizencang et al. who directly convert the succinonitrile to the diamine by the reaction with BF3 × THF. 7 The yields of both procedures are comparable. Nevertheless, the latter is less time consuming. The diamine has then been reacted with benzaldehyde and three cinnamaldehyde derivatives to produce the corresponding imines 2 and 3a-c in excellent yields. The complete reaction sequence is summarized in Scheme 1.
The central carbon atoms of 1 are stereogenic centers. This means that 1 might exist in two diastereomeric forms which are the RR and SS enantiomers as well as the RS meso form. Since the NMR spectra of 1 show only one set of signals only one of the diastereomers was formed during the synthetic procedure. DFT calculations were used to elucidate if one of the diastereomers is significantly more stable than the other. Full geometry optimizations (i. e. without symmetry constraints) were carried out with the GAUSSIAN03 program package using throughout the hybrid Hartree-Fock-DFT approach (B3LYP/6-311**G(d,p)). 8, 9 The resulting structures were rigorously characterized as minima according to the number of imaginary modes by applying a second-order derivative calculation (vibrational analysis). Zero point energy (ZPE) corrections have been applied. Figure 1 shows both minimum structures. According to our calculations the meso form is 18.2 kJ mol -1 more stable than the corresponding RR diastereomer. This may be due to the fact that there are different C─H----N interactions in the molecular structure of the meso form than in the structure of the RR configured compound. Intramolecular C─H----N interactions are attributed as weak hydrogen bonds that nevertheless contribute significantly to the conformation of molecules. 10 Caused by the different stereochemistry at C2 and C3 of the different diastereomers of 1 the amino nitrogen gets into close proximity to different neighboring C-H functions. In the meso form three close C─H----N interactions of 241.5, 245.9 and 257.2 pm are observed. On the other hand, the RR diastereomer only shows one such interaction of 231.9 pm. The calculations thus give a hint that the experimentally observed only diastereomer might be the meso form of 1. 1 is easily converted to the corresponding imines 2 and 3a-c by reaction with benzaldehyde or the corresponding cinnamaldehyde derivative, respectively. (E)-3-(4-Chlorophenyl)-prop-2-enal and (E)-3-(4-dimethylamino-phenyl)-prop-2-enal were synthesized by an aldol condensation from the corresponding substituted benzaldehyde and acetic aldehyde following literature procedures. 11 The imines show typical bands in the IR spectra as well as resonances for the imine function in the NMR spectra. Imines 2 and 3a upon recrystallization gave crystals suitable for X-ray diffraction. The molecular structures are depicted in Figures 2 (2) and 3 (3a), most important bond lengths and angles are summarized in Table 1 . Bond lengths angles are of typical values. 11 The most important fact is that the center of the C1-C1a bond represents a crystallographic center of inversion in both structures. Both molecules therefore are observed in their meso form which was found to be energetically slightly more stable compared to the RR form for the diamine 1. 
Figure 2. Molecular structure of 2. Displacement ellipsoids are depicted on the 50% probability level. Hydrogen atoms are drawn as spheres of arbitrary radii. Scheme 2 shows the synthesis of bis-dihydropyrrolone derivatives 4a-c starting from diimes 3a-c. We reported earlier that reactions of this kind might produce two different classes of heterocyclic compounds, namely dihydropyrrolones as shown in Scheme 2 and 2,3-disubstituted pyrroles. 4 Both compounds exhibit two protons at the respective heterocyclic system that give rise to two dubletts in the 1 H NMR spectrum at very characteristic chemical shifts. From NMR spectra of the crude reaction mixtures we saw that there were no signals representing unreacted imine functions and there were no signals that might be attributed to pyrroles. The reaction of 3a-c therefore proceeds with high chemoselectivity to products 4a-c in which both imine groups are transformed to pyrrolone systems.
Compounds 4a-c were purified by column chromatography. The formation of each pyrrolone system is accompanied by the formation of an additional stereogenic center at C3 of the heterocyclic moiety. If we assume that the meso stereochemistry of the central chiral carbon atoms is retained, the formation of two diastereomeric pairs of enantiomers either with RR and SS or with RS and SR configuration at the new stereogenic centers is envisaged. From NMR spectra it became obvious that indeed different diastereomers are formed since part of the spectra show multiple sets of signals. Apparently, one of the diastereomers is formed predominantly. Nevertheless, since we were not able to isolate crystalline material of a quality suitable for X-ray diffraction we cannot reliably conclude which diastereomer is formed preferably. Therefore, we calculated the minimum structures of the SS and RS (absolute configuration of the chiral carbon atoms of the pyrrolone moiety) diastereomer of 4a. The calculations showed that both diastereomers represent minima on the hypersurface. Nevertheless, the RS diastereomer is just 4,3 kJ mol -1 more stable with respect to the SS diastereomer. This means that also according to our calculations it is not possible to make a statement which diastereomer is more likely to be the one that is obtained with higher yield. The calculated structure of the RS diastereomer is presented in Figure 4 . 
Conclusions
We have shown that 2,3-diphenylbutane-1,4-diamine is obtained in it's meso form exclusively when prepared following literature synthetic procedures and that it is a highly suitable substrate for the synthesis of bis-imines with both aromatic or ,-unsaturated aldehydes. The corresponding bis-imines from 2,3-diphenylbutane-1,4-diamine and cinnamaldehyde have been catalytically reacted with CO and ethylene to produce a mixture of diastereomeric bis--lactams. The reaction proceeds highly chemoselective in a sense that always both imine subunits of the substrate reacted and that both imine functions give rise to the same heterocyclic system whereas no formation of pyrroles is observed, although this side reaction is commonly observed if monoimines are introduced to the same reaction scheme.
Experimental Section
General. Benzaldehyde, 4-chloro-benzaldehyde, 4-dimethylamino-benzaldehyde and cinnamaldehyde were purchased from Sigma Aldrich and were used without further purification. (E)-3-(4-Chlorophenyl)-prop-2-enal and (E)-3-(4-dimethylamino-phenyl)-prop-2-enal were synthesized by an aldol condensation from the corresponding substituted benzaldehyde and acetic aldehyde following literature procedures. 11 2,3-Diphenylbutane-1,4-diamine, 1, has been prepared starting from benzaldehyde and benzyl cyanide. [5] [6] [7] All catalytical reaction procedures were carried out under an argon atmosphere in anhydrous, freshly distilled solvents. 12 Computational methods. Full geometry optimizations (i. e. without symmetry constraints) were carried out with the GAUSSIAN03 program package using throughout the hybrid Hartree-Fock-DFT approach (B3LYP/6-311**G(d,p)). 8, 9, 13 The stationary point of the geometry optimization was characterized to be a minimum structure according to the absence of any imaginary modes by applying a second-order derivative calculation.
Structure determinations.
Intensity data for the compounds were collected on a Nonius KappaCCD diffractometer using graphite-monochromated Mo-K radiation. Data were corrected for Lorentz and polarization effects but not for absorption effects 14, 15 . The structures were solved by direct methods (SHELXS) and refined by full-matrix least squares techniques against Fo 2 (SHELXL-97). 16 All hydrogen atoms were located by difference Fourier synthesis and refined isotropically. Crystallographic data as well as structure solution and refinement details are summarized in Table 2 . XP (SIEMENS Analytical X-ray Instruments, Inc.) was used for structure representations. Crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication CCDC-842334 for 2, and CCDC-842335 for 3a. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [E-mail: deposit@ccdc.cam.ac.uk]. General synthetic procedure for the preparation of imines 2 and 3a-c. In a 25 ml Schlenk tube 135 mg (0.6 mmol) 1,4-diamino-2,3-diphenylbutane dissolved in 10 ml ethanol were mixed with 1.2 mmol of the corresponding aldehyde (120 mg benzaldehyde, 160 mg cinnamaldehyde, 200 mg 3-(4-chlorophenyl)-prop-2-enal or 210 mg 3-(4-dimethylamino-phenyl)-prop-2-enal, respectively) under an argon atmosphere. During the reaction a white precipitate was formed.
After stirring the reaction mixture for 3 h, the solvent was evaporated in vacuo. The remaining solid residue was washed two times with 10 ml n-heptane and after decanting the solvent the solid residue was dried. N,N-Dibenzyliden-2,3-diphenylbutan-1,4-diamin (2). White powder, yield: 247 mg, 99%; (10) (100) 1,1'-(2,3-Diphenylbutane-1,4-diyl)bis[3-ethyl-3-(4'-dimethylamino-phenyl) 
